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ABSTRACT

A study of the characteristics of phosphate absorption by
Euglena. gracilis Klebs was undertaken.
Kinetic studies showed the possible existence of multiple
absorption systems since an increase in substrate phosphate concen
tration resulted in several hyperbolic curves when phosphate
absorption was plotted against substrate phosphate concentration.
Studies of the effect of temperature on the absorption of
phosphate showed that, in at least one concentrational level tested,
there may be two competing reactions functional at the same concen
tration range of phosphate.

These studies reinforced the idea that

the absorption of phosphate was active.

'

Change in cation had little or no effect on the absorption
of phosphate in the concentration ranges tested.
A rhythm of phosphate absorption within the range of active
phosphate absorption was demonstrated.

This rhythm proved exogeneous

since phosphate absorption lost its rhythmicity when the day-lamp was
removed.

INTRODUCTION

Persistent rhythms have been described in organisms ranging
from unicellular to multicellular in form.

Characteristically, such

rhythms involve a daily or seasonal type of variation in some bio
logical processes, with a maximum and minimum response occurring at a
definite and predictable time.
Evidence from numerous investigations indicates that rhythms
are a manifestation of a biological time-measuring system, exerting
control over specific biochemical processes (Bunning, 1956, 1963)
(Bruce and Pittendrigh, 1957).

In spite of the overwhelming evidence

for the existence of some sort of "metabolic cellular clock," identi
fication of the chemical pathways involved in its operation and
control is lacking.
Certain characteristics contradictory to the "metabolic nature"
of the clock have also been recorded rendering understanding of the
nature of rhythms even more difficult.

Rhythmic periodicity is

generally unaffected by changes in temperature.

Brown and Webb

(1948) and Pittendrigh (1954) showed that certain rhythms of poikilotherms (in these experiments the tidal rhythm of the crab, Uca. Pugnax,
and the eclosion rhythm of the fruit fly, Drosophila melanogaster)
were temperature independent.

Generally, the period of a rhythm is

also insensitive to metabolic inhibitors (Harker, 1964).

If rhythms

are metabolic they should respond to both temperature and to appro
priate metabolic inhibitors.

These results are interpreted by

Brown (1957, 1959) as evidence that the biological timing mechanisms
are related to an exogenous signal.
Past workers seem to have confined their investigations to the
description of biological rhythms and made few studies of their
metabolic nature.

This project is an attempt to study a rhythm from a

physiological viewpoint.
The study attempts to show a relationship between the rhythm of
absorption of phosphate and a phototactic rhythm in Euglena gracilis
Klebs.

Since the author proceeded on the assumption that the mechanism

of absorption of phosphate was active, some characteristics of the
mechanisms had to be ascertained before its relation to rhythmic
activity could be studied.
Since both "active" and "passive" absorption were being measured
in the rhythm experiments, the ranges of phosphate concentration wherein
active and passive phosphate absorption occurred had to be determined.
Since in the rhythm experiments, V

* was plotted against time, the

concentration of phosphate in the medium (under experimental conditions)
which would allow us to attain Vmax had to be determined.
It was important to achieve Vmax to insure that slight errors
in substrate concentration would not be magnified into large errors in
the velocity of the reaction, as would be the case if Vmax were not
attained.

At

indx, errors in substrate concentration would not result

in an increase in velocity of the enzymatic reaction since enzyme is

*When the substrate concentration is made so high in relation to enzyme
concentration that essentially all enzyme is present as enzymesubstrate complex, the velocity is said to be maximal. This velocity
is called Vmax.)

saturated.

However, at the lower substrate concentration (concentra

tions below which the enzyme is not saturated) small errors in
measurement of substrate concentration would cause an increase or
decrease in the velocity of the reaction and consequently, present
another source of error.
Lastly, Euglena gracilis Klebs was chosen by the author as the
experimental organism because it is a. unicellular organism possessing
a rhythm (phototaxis) which is easily measured.

Most ion uptake

studies of the type performed in these studies have been conducted
using multicellular forms such as aquatic plants or parts of plants
such as root tips or leaf disks.

The author wanted to be able to com

pare his results, derived from the unicellular Euglena, with those
published by workers using multicellular organisms.

REVIEW OF LITERATURE

Euglena. Phototaxis
In 1948, Pohl first described an endogenous
in Euglena gracilis Klebs.
hour cycles of

12

He subjected a Euglena suspension to 24

hours of light and

then to continual darkness.
hour light period.
maximum between

1200

phototactic rhythm

12

hours of dark for three days and

Phototaxis continued in absence of the 12

The phototactic activity of the cells rose to its
and 1600 hr. (during the light period) and dropped

off to its minimum at 0200-0400 hr. during the dark period.

Reversal of

the day-night period also reversed the phototactic activity.

The con

tinuation of the rhythmic maxima and minima in absence of the day lamp
(the lamp representative of the sun) gave rise to the supposition that
the rhythm was endogenous.
This experiment gave indication of the existence of a circadian
rhythm in the phototactic behavior of Euglena gracilis Klebs.
The experiments of Pohl were repeated in 1956 by Bruce and
Pittendrigh.

They observed that no phototactic rhythm is exhibited

by Euglena in continuous light.

With the day lamp continuously off

(DD) the cells did show a rhythm.

Under the test light (the light

used to measure phototaxis) for periods of short duration

(10

minutes),

the cells rapidly lost the phototactic rhythm under DD conditions.

This

is interpreted by the authors as evidence that the rhythm under DD con
ditions is dependent on the cells obtaining enough energy via photo
synthesis from the test lamp.

Lower temperatures resulted in a

"damping" of the amplitude of the curve but did not affect the

periodicity.

This, the authors interpret as evidence for the tempera

ture independence of the rhythm.
More information relative to the nature of phototaxis and the
phototactic rhythm was reported by Diehn and Tollin (1966).
reported that light of wave length 4600

They

was most stimulatory to

phototaxis and that the degree of phototaxis was directly proportional
to the light intensity.

A plot of the rate of phototaxis vs. tempera

ture resulted in a curve which closely resembled the temperature
dependence curves of enzymatic reactions.
rose with a moderate slope.

From 10°C to 24°C the curve

From 30°C to 40°C a rapid loss of photo

tactic activity took place.
Diehn and Tollin (1966) also noticed that when Euglena is
grown under conditions of artificial day/night cycles, a circadian
rhythm of phototactic activity is observed which parallels similar
rhythms previously observed in the photosynthetic activity of other
algae.

Using this observation they proposed that the light "triggers"

rather than "powers" phototaxis, for after a 72 hour dark period,
exposure of the organism to a stimulatory light beam does not result in
a phototactic reaction, and dark grown Euglena are not phototactic.
In a subsequent paper (1967) Diehn and Tollin tested the latter
hypothesis and showed that compounds that inhibit photophosphorylation
without inhibiting oxidative phosphorylation (DCMU, methyl octanoate,
ethanol, antimycin A) would inhibit phototaxis without affecting
motility even under photoperiods normally conducive to phototaxis.
The authors concluded that phototaxis was dependent solely upon photophosphorylation for power.

They postulated that a pool of high-energy compounds exists,
fed by photophosphorylation, which is drawn upon to power the phototactic response.

They go on to say that the primary light effect in

phototaxis is probably involved with triggering the use of the material
in this storage pool.

Ion Uptake
It has for years been a matter of common knowledge that plants
do not absorb the different constituents of a nutrient solution in the
same proportion as they occur in that solution.

Some salts are

absorbed in far greater amounts than are others.
In early investigations the cells themselves were relegated to
a more or less passive role in salt absorption and conclusions per
taining to ion absorption were based on the alteration of permeability
of the plant itself under diverse conditions (Brooks, 1917).

Osterhout

(1922) then showed that a mechanism existed allowing potassium to
accumulate in Valonia macrophysa in concentrations exceeding that found
in sea water.

How this selective mechanism is exerted by the plant (or

rather the cells) is still the subject of controversy.
Hoagland and Davis (1923), while studying ion absorption in
Nitella obtusa, observed that more anion (they were studying halogen
accumulation) was absorbed at 25°C than at 15°C; in fact, the difference
was four-fold.

They also observed that "the removal of ions from dilute

solution and penetration into the cell sap are affected significantly
by the conditions of illumination."

They explain this phenomenon in

terms of light as a factor because it is a source of energy.

They drew

the general conclusion that the absorption of ions is closely related

to the process of growth and m e t a b o l i s m involving energy systems.
They did not, however, propose

a. mechanism by which this energy is

used.
They also reported that

an

ions and that the presence of o n e

"antagonism" existed between certain
could lower the rate of uptake of

another.
Three years later (1926)

3

Hoagland, Hibbard, and Davis, having

repeated the previous e x p e r i m e n t s

in greater detail, stated that light

is essential to the accumulation
organisms had been grown in an

o f bromide by Nitella cells.

i n o r g a n i c medium.)

(The

They also repeated

the general statement of the p r e v i o u s paper that light does not increase
permeability but rather it c o n t r i b u t e s energy to a system.

This energy

could then be stored and be u t i l i z e d to bring about a movement of
solutes from a region of low c o n c e n t r a t i o n to one of higher concentra
tion.
These studies also s h o w e d
temperature and the rate of i o n

a definite relationship between

u p t a k e and they mentioned that this

was also characteristic of c h e m i c a l processes, hinting that a "chemical
process" was involved with ion

absorption.

Leakage experiments w i t h

chloride and bromide indicated that

both could accumulate in the c e l l

but once taken up leakage occurred

only in injured plants.
Steward (1932, 1933),

B e r r y and Steward (1934), and Steward

et. al. (1936) presented e v i d e n c e

that the accumulation of anion by

storage tissue of plants is c l o s e l y linked with its aerobic respiration.
They noted the failure of I r ish

p o t a t o tuber discs to accumulate bromide

8
ion from solution in a closed bottle.

Discs to which O 2 was supplied

absorbed greater amounts of bromide.
In these same studies with potato it was also shown that salts
are accumulated in far greater quantity by metabolically active cells
than by dormant ones.

The relation of partial pressure of oxygen on

bromide accumulation are almost identical.

This indicates that the

ability of a tissue to absorb a salt is closely related to its rate
of aerobic respiration.
Similar results were obtained with carrot and Jerusaleum
artichoke.
Hoagland, Davis, and Hibbard (1929) then turned their attention
to the problem of "antagonism" between ions.
uptake among chloride, bromide, and iodide.

They showed competition of
They made the further obser

vation that bromide delayed or inhibited iodide toxicity.

The authors

state, "A pronounced retardation in the accumulation of bromide ions
occurred as a result of the presence in the culture of chloride ions
in a concentration as low as 0.0002 molar.

Evidently..., we have a

very clear illustration of one anion influencing the intake and
accumulation of another ion."
They also demonstrated that complex ions such as sulfate,
nitrate, or phosphate had no effect on the uptake of bromide or
chloride.
absorption.

However, they failed to relate the periodic table with ion
The authors did, however, make a stand on the nature of

what was absorbed, stating, "Taking all data into consideration it is
found very difficult to explain them on any other than an ionic basis."

9
Collander (1941) repeated the work of Steward and Hogland and
noted that plants do not absorb constituents of nutrient solution in
the same proportion as they occur in the medium and that some salts are
also taken up in greater amounts than are others.
he noted that

In his

different plant species (he compared twenty

experiments
species)

differ in their capacity for selective accumulation of cations; that
is, two plants capable of absorbing the same cation do not necessarily
accumulate the same amount.
Some plants were found to have, typically, a high sodium
content.

The

difference in sodium uptake remained unaltered despite

the fact that the sodium content of the nutrient solution was rather
high.

With the exception of three species, sodium was absorbed to a

lesser degree than any other cation.

Other alkali cations behaved

more uniformly and potassium uptake did not vary widely from species
to species; the difference between the highest and the lowest levels
of absorption being 1.9 times.

Collander also showed that rubidium

and cesium uptake ratios, maxima and minima, equaled those of potas
sium.

It must be stressed, however, that the levels of rubidium and

cesium did not approach that of potassium in the plant tissue.
Collander also observed that strontium is absorbed at the
same rate as calcium.

Potassium, rubidium, cesium, calcium, and

strontium were the only ions tested that seemed independent of the
specific species of plants tested.

He suggested that the plants were

unable to distinguish between potassium, rubidium, and cesium, or
between calcium and strontium.

The author also reported that the

absorption of rubidium is strongly depressed by potassium and that

10
calcium will suppress strontium uptake.

He suggests that the terms

"ion antagonism" as coined by Hoagland and Davis (1923) be replaced
by the terms "mutual competition" or "mutual replacement."
Seeking further information on the absorption of alkali cations,
Cowie £t al. (1949) and Roberts nt al. (1949, 1950) using Escherichia
coli., reported that sodium uptake seemed to be due to passive absorp
tion and there was no evidence of any metabolic effects, even under
conditions of rapid potassium turnover.

The sodium concentration in

the cell seemed independent of its concentration in the external
medium.

Evidence was also presented suggesting that there is no bind

ing of sodium in the cell since it could easily be washed out.

Thus,

the cell membrane proved to be equally permeable to sodium in either
direction.
In contrast to sodium, potassium was markedly concentrated in
the cell.

When cells accumulated potassium from a medium low in

potassium the losses after washing were negligible.

This suggested

that the membrane is either not permeable to potassium in the outward
direction or that it is bound to some internal impermeable substance.
When cells were grown in potassium-rich medium a large amount of
potassium was lost on washing.
They also reported that potassium uptake is very rapid during
glucose metabolism.

These observations caused the investigators to

study the effects of glucose on potassium uptake.

The presence of

increasing amounts of glucose seemed to cause a corresponding increase
in potassium uptake.

Dinitrophenol (DNP), added to this system, had

little effect on glucose consumption but did not stop potassium
turnover.
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As a result of their experiments, Roberts £t al. (1950)
claimed that in the presence of glucose there is a rapid accumulation
of potassium.

As metabolism proceeds a steady state is reached in

which potassium is released as rapidly as it is bound.

They claimed

that achievement of this steady state was affected by glucose con
centration, potassium concentration, pH, aeration, and metabolic
poisons.

The effects of the metabolic poison, DNP, led investigators

to conclude that potassium is bound as a salt of a hexose phosphate.
Epstein e_t a_l. (1952, 1963) essentially repeated Collander's
work applying enzyme kinetic studies, and found that the absorption of
ions followed the mathematical patterns described by enzyme-substrate
reactions.

They also found that potassium and cesium interfere com

petitively with rubidium absorption.

The authors suggest that these

are results that would be expected for ions bound by the same binding
sites at essentially the same rates.
They also reported that sodium would not compete with rubidium
at low sodium or rubidium concentrations.

However, at high rubidium

concentration, sodium did competitively inhibit rubidium uptake.
This latter data was interpreted as indicating the existence of
several binding sites, one group of which binds rubidium, potassium,
and cesium in preference to sodium.
Epstein £t al. (1963) reported that the uptake of these cations
was described by more than one (in this case two) hyperbolic curve
depending on the concentration range of substrate tested.

Mechanism I

represented the lower range of substrate resulting in a hyperbolic
curve.

Mechanism II was that concentration range resulting in the

second hyperbolic curve.

These two mechanisms had different Michaelis

constants adding to the evidence that at least two different uptake
mechanisms existed.
While sodium and/or change in identity of anion failed to
affect the uptake of cation in Mechanism I, the presence of sodium
and/or change in anion did show an effect on Mechanism II.

The

presence of sodium in Mechanism II shows competitive inhibition.

In

Mechanism I a change of anion failed to change the Michaelis constant
(I^, the disassociation constant of an enzyme-substrate complex).
Indifference to the identity of anion, however, was not characteristic
of Mechanism II.
From the kinetic studies of 1952 a model of ion transport across
a membrane resulted (Epstein et a1., 1962).

The ion reacts with carrier

which is part of the membrane or has its origin therein.

When the

complex has reached the inner edge of the membrane it disassociates
and the ion is released into the cytoplasm.

1

+ C (outside)

*

IC

K2
k3

z

IC

\

I*
x—

+ C
(inside)

where I is the ion, and IC the carrier complex, the authors suggest that
this is analogous to the mechanism of enzyme action:
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Epstein et al. (1963), and E.stein and Raines (1965) then
reported a possible multiplicity of carriers for potassium uptake.
They obtained not one, but two hyperbolic curves describing the uptake
of potassium.

In terms of the Michaelis-Menten equation two such

curves describe two different reactions.
Elzam e_t al. (1964) repeated the work of Epstein ej: al. (1963)
studying anion uptake rather than cation and reported similar results.
Torii and Laties (1966) tried to explain this phenomenon in the
light of work done in their laboratory using corn (Zea mays) .

They

reported that vacuolated areas proximal to the tips of corn roots did
show the two hyperbolic curves described by Epstein.

However, they

reported that the root tips did not show the dual isotherms.

These

differences in uptake, they said, may lie in the presence of a central
vacuole in the cells of the more proximal areas of the root and the
absence of central vacuoles in the root tip cells; in other words, one
mechanism occurs at the plasmalemma and the other at the tonoplast.

At

low concentrations mechanism I (low 1^) is in effect and the ion enters
the cytoplasm.

When the concentration of the ion in the cytoplasm

reaches a certain level, mechanism II (high Km ) becomes active and ion
is actively transported into the central vacuole.

Thus, cytoplasmic

ionic concentration would act as an ON/OFF "switch" governing the
activity of mechanism II.

Enzymatic Rhythms
At first the study of rhythms was mainly descriptive.

After

this they were for the most part filed away in the storehouse of curious
knowledge of science.

As time progressed, the outward rhythmic behavior

14
of plants and animals led investigators to study these rhythms in
relation to physiology since the "outward" rhythmic characters must
surely be a manifestation of something physiological; thus, the con
trolling mechanism must be somewhere in the physiological "machine."
In animals, it was, at first, suggested that this controlling
mechanism lay in the gonads (Rowan 1932).
disproved by Hann in 1939.

This however, was later

The current theory in vogue for explaining

certain responses and of bird migration was first proposed by Wolfson
in 1945.

He explained migration by saying that it was under the con

trol of glandular secretions (hormones) and that the seat of control
lay in the hypophysis.

Meier et al. (1965) accepted this first premise

but carried it a bit farther by saying that the ultimate control of
migration does reside in the hypophysis; however, the resulting response
is a result of a synergistic action between a pituitary secretion,
prolactin, and an adrenal cortex secretion, corticosterone.
It is easy to switch from bird migration to the effects of the
hypophysis on kidney rhythms since one of its secretions shows anti
diuretic action.
Menzel (1962), in a study of periodicity in urinary excretions
in patients of a hospital, noted that there were daily fluctuations in
the chloride, urea, and creatinine levels in these patients.

All the

author does is report this and he makes no mention of mechanism.

An

explanation of this could be that the permeability of certain kidney
cells shows cyclic changes and the change in levels of the above
mentioned materials is a result of a change in cell permeability.

15
Halberg ejt ajL. (1958) studied the blood glucose, liver
glycogen, and phospholipid levels in mice on 12-12 (LD) days.

"An

important shift of the rhythmic levels" of the three studied com
pounds took place following a shift in lighting schedule.
Van Pilsum and Halberg (1964) then showed that the enzymatic
activity of a kidney transamidase was greater in animals killed during
the light period as compared to those killed at night.
shown not to obliterate the rhythmic changes.

Starvation was

Light was shown to be

the "clock setter" since the reversal of the day-night relationships
would reverse enzyme rhythmicity.
Rapoport e_t aJL. (1966) showed that circadian changes in
tryptophan pyrrolase activity were related to the level of plasma
corticosterone.

It was also reported that adrenalectomy causes a

loss of rhythmicity in tryptophan pyrrolase.

Thus a change in a

rhythm was used to identify a possible source of endogenous inducer
of an enzyme.
Civen ej: al_. (1967) have also shown possible rhythmic enzyme
activity in rat liver.
In the plant world, the first diurnal responses that interested
investigators were leaf movements.

Early workers were struck by the

observation that the response was not necessarily altered by the cessa
tion of alternating light and dark periods (Bunning, 1960).

These

plants, when so treated, would continue to show the same leaf movements
as did those that were subjected to normal light-dark periods.

Thus,

it was shown that the plants have an "inherent tendency to show leaf
movements."

16
It has been demonstrated by Sweeney and Haxo (1961) that
enucleated Acetabularia continue to show rhythmic photosynthesis.
Thus, it was shown that, in Acetabularia at least, the nucleus has
no immediate effect or control over the response itself.

In other

words the cells maintained their diurnal fluctuations despite the lack
of a nucleus.

(However, Schweiger et al. (1964) showed that, while the

above is true, the nucleus has an immediate effect on the phase of the
rhythm since the phase of the rhythm could be shifted according to the
time of the light-dark period to which a transplanted nucleus had
been previously exposed.)

The workers concluded that the control of

the period of the rhythm (immediate control) was not nuclear in origin
(however, phase setting was), but was located somewhere in the cyto
plasm.

It has been shown that chloroplasts of Euglena gracilis are

semi-autonomous in that they divide independently of the nucleus and
have their own nuclear material (Brawerman and Eisenstadt, 1964).
The possibility of cytoplasmic control of certain enzymatic
rhythms was given a boost by the findings of Spencer and Harris (1964)
and Triplett et al. (1965).
the alga

They reported that if, after enucleation of

Acetabularia mediterranean the cap were taken off, a new cap

would be synthesized.

They demonstrated that some of the enzymes

necessary for cap formation were adaptive and yet these enzymes, an
alkaline phosphatase, an acid phosphatase, and UDP-glucose-4-epimerase
showed increased activity during cap formation.

This activity was pre

vented by puromycin in both nucleate and enucleate cells.

Consequently,

de novo protein synthesis had to be involved despite the lack of a
nucleus.
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After the report of Haxo and Sweeney (1961), Hoffman and
Miller (1966) demonstrated an endogenous rhythm of Hill Reaction
activity in isolated tomato chloroplasts.
In the other so-called "higher plants" such as cocklebur it
has been shown that stomatal opening and closing seems to be related
rhythmically to the time of the day (Mansfield and Heath, 1963).

It

has also been shown, with tobacco, that ion absorption is greater in
the roots at night and that translocation is greater during the day
(Wallace £t aJL., 1966).

Gosselink and Standifer (196/) then showed

that the susceptibility of cotton seedlings, in the field, to herbi
cides varied with the time of day.

Susceptibility was strongest during

the early daylight hours and decreased at night.
Work with seemingly enzymatic rhythms and of work on protein
synthesis caused Goodwin (1965) to propose a working model explaining
rhythmic phenomena.

He used the proposal of Pardee et a1. (1959)

explaining the synthesis of proteins.

Most specifically, Goodwin

adopted the idea of repression and derepression and incorporated them
into his model.

He also incorporated the relaxtion-oscillator model

describing rhythms as proposed by Pittendrigh and Bruce (1957).
He studied rhythms from the aspect that the oscillations result
from "negative-feedback control processes operating at the molecular
level."

He goes on, "Since such control mechanisms are known to have

an intrinsic tendency to oscillate, and since rhythmic processes con
stitute a predominant dynamic feature of plant and animal physiology,
it is suggested that spontaneous oscillatory behavior in an organism's
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control processes constitute the dynamic basis of rhythmic behavior
patterns."
Goodwin used the term "feedback" in the broadest sense of the
word including not only inhibition of enzyme activity, but also the
possibility of inhibition of m-RNA production and/or enzyme synthesis.
He also mentions linked inhibition or interacting feedback systems.
A similar proposal was made by Higgens (1964).

This model makes

great strides in explaining that even though Halberg £t al. (1959)
report circadian oscillations in DNA and RNA metabolism of mammalian
tissues, experiments by Abbe and Pardee (1960) showed that in syn
chronously dividing bacterial cells no significant relation between
division and nucleic acid metabolism appeared.

RNA, DNA, and other

fractions continued exponentially, while cell numbers increased step
wise in time.

Possibly then rhythms would be controlled at the trans

criptional level of protein synthesis rather than at the translational.

MATERIALS AND METHODS

General
Experimental Organism
The organism used in this study, Euglena gracilis Klebs (also
called the "z" strain or Euglena gracilis "Z") was obtained from the
Indiana. Type Culture Collection.

Ra d ionuc1ide s
Carrier free H 3 P
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0^ was obtained from New England Nuclear

Supply Company.

Media
Four media were routinely used in the course of these experi
ments.

Thesewere Euglena agar medium (Starr, 1964), Cramer and

Meyer's Medium (Cramer and Meyer, 1952) twice modified, and Bruce and
Pittendrigh1s Holding Medium (1956).
The agar medium was used in routine stock transfers and storage
of stock cultures in the cold on a hard surface.
Cramer and Meyer's medium pH 3.8 was employed growing liquid
stock cultures.

Since acetate is not readily absorbed at such a low

pH, DL-malic acid and L-glutamic acid were used as carbon sources.

A

succinic acid— sodium hydroxide buffer was used in adjusting the
medium to pH 3.8.
Cramer and Meyer's medium, pH
growing cells in bulk.

6

.8 , was the medium employed when

The medium was modified in that EDTA was sub

stituted for sodium citrate as the chelating agent.
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Bruce and Pittendrigh*s holding medium was used as the test
medium in all experiments.
nitrogen source.

This medium contains only nitrate as the

Euglena can utilize only ammonia nitrogen and cell

division will not proceed in its absence.

Despite this, the cells

remain quite active for at least a week in the medium.

Since phosphate

was the entity under study its concentration in the medium was varied,
all other components being held constant.

Cell Production
Stock cultures
Stock cultures were routinely transferred every two months on
solid medium and every ten days on liquid medium.

After growth

appeared on the agar slants, they were refrigerated at 4°C.

The liquid

stocks were incubated at 20°C under 400 foot candles of light.

In this

manner 10-15 grams of cells, wet weight, were routinely obtained.

Harvesting cells
After two to three days incubation the cells were poured into
50 ml Pyrex centrifuge tubes and washed three times with water at 4°C
in an International Refrigerated Centrifuge Model PR-2 at 3000 rpm using
head no. 823.

After the first centrifugation, supernatant was poured

off the pellet of cells, and the cells were then resuspended in Bruce
and Pittendrigh1s holding medium less phosphate.

After washing, the

cells were suspended in holding medium a final time and were then ready
for inoculation into experimental flasks.

Standard curves
Since the relation of cell numbers and cell optical density
is not linear and cell optical density and total protein do show a
linear relationship (Klein eh: al., 1963), standard curves relating total
protein to cell optical density were prepared employing the method of
Price (1965), which is a modification of the Lowery method for the
estimation of protein (Lowery et al., 1951).
Protein was extracted from cell suspensions of different optical
densities with hot trichloroacetic acid.

This extract was then treated

with Folin's phenol reagent and the optical density was read at 7500 X
on a Bausch and Lom;b Spectronic 20 colorimeter.

A standard curve was

then prepared relating optical density of the control cell to optical
density of extracted protein (Figure 1).
Blanks of varying amounts of bovine serum albumin (BSA) were
dissolved in water, treated with Folin's phenol reagent, and the optical
density was measured at 7500 X.

A standard curve was then prepared

relating known amounts of protein to optical density (Figure 2)
By relating the optical density of the cells used in each
experimental flask to the standard curve, cellular protein could be
estimated.

Ion Uptake Experiments
Three-day-old culture of Euglena gracilis Klebs were washed
three times in holding medium and inoculated into flasks containing
varying amounts of phosphate.

The concentration of phosphate present

in the medium was dictated by the concentration range of phosphate
under investigation.

Under experimental conditions 10-fold concentration

22
ranges were tested.

The optical density of the cell suspension in

the flasks was then measured and recorded.

Usually the optical

densities measured were in the range of 0.8 to 1.2.

To this was

added labeled phosphate (which had previously been diluted to the
desired activity in water).
of test medium.

Usually 0.1 uCi was employed per 50 ml

When the concentration of phosphate in the test

medium reached the passive areas, the activity of
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P added to the

flasks was increased to overcome any dilution effect.
After the

32

P was added to the flasks, they were attached to

holders (for added safety, the flasks were fastened to the holders
with rubberbands) and incubated at 30°C in a Gilson Omnibath under
agitation.

After 4 hours, 10 ml samples were taken, drained into

12 ml centrifuge tubes, and centrifuged.

(The 4 hour incubation

period was chosen after a trial experiment (Figure 3) had shown a
two hour lag in resumption of normal cell activity after centrifuga
tion and washing at 4°C.)

Cells were washed three times in distilled

water and filtered through one inch Gelman filters (size GA-3, pore
diameter

1.2

u).

After filtration, the pads containing the cells were lifted off
the filter assembly and laid on metal planchets.

Three drops of a 5%

glycerol solution were applied to the filter pads to insure that the
filters lay flat on the planchet and did not change the counting
geometry.
The cells were then put into an end window Geiger-Muller tube
(Radiation Counter Labs) at a window distance of 2.2 cm and B” was
counted at 950 volts on an RCL Decade Scaler Model 20302.

Calculation of Phosphate Absorption
In calculating phosphate uptake it was assumed that the
32
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Euglena cell could not distinguish between i PQ^ and ~ '?o^.

Therefore

total phosphate uptake was calculated in the following manner:
Counts/minute of filtered cells
Total activity of experimental
cell suspension/ml of sample

_ Amt. of PO4 absorbed by cells
~ Amt. of PO4 /111I of filtered
sample

Rhythm Experiments
Cells were grown as described in the section on the growth of
cells.

They were then poured into sterile 50 ml centrifuge tubes and

centrifuged under sterile conditions at 3000 rpm for 5 minutes.

They

were washed three times in sterile holding medium and then a concentra
tion of cells was added to 500 ml of the test medium so that when
diluted. 1:4 a cell suspension O.D.y^Q of 0.1 would result.

The concen

tration of phosphate in this medium was adjusted so that the cells were
under phosphate stress (1 x 10“^ mg/ml phosphate).

Tissue culture

flasks containing these cells were used to measure phototaxis, and were
placed under a 12-12 Light-Dark photoperiod at 20°C.

Since the cells

were in a holding medium it was assumed that no cell division occurred
during the period of the experiment.

Measurement of Phototaxis
A 20 ml aliquot of cells was withdrawn from one of the test
flasks and put into a 30 ml tissue culture flask (Falcon Plastics).
The tissue culture flask was laid on the stage of a microscope
and light was directed through it from a Bausch and Lomb Microscope
Illuminator via a mirror, and the condenser.

This was the test lamp.
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On the stage of the microscope a piece of cardboard with a small hole
pierced through it kept the beam of light to a diameter of about 4 mm.
A photocell attached to a YSI recorder replaced the eyepiece.

Deflec

tion of the recorder indicator was manually set at its maximum on the
recorder.

Movement of Euglena cells into the light path resulted in a

change in optical density, which was sensed by the photocell, trans
lated onto the recorder as a voltage change, and recorded on the tape
in the recorder.
Phototaxis was measured for 1/2 hour every two hours.

During

the light period (day), the culture vessel was subjected to the light
of a 75-wa.tt incandescent lamp (Day lamp).

When the time arrived to

measure phototaxis, a Tork Time Switch Model 8001 automatically turned
off the Day Lamp and turned on the Test lamp.

After 1/2 hour the Test

lamp was automatically turned off and the Day lamp turned on again.
During the dark period (night) the cells were in the dark except for
the periods when the Test lamp was on.

Measurement of Rhythmic Phosphate Absorption
The test cells were subjected to a 12-12 Light-Dark (LD) photo
period controlled by a Tork Time Switch.

Since Euglena tends to stick

to the sides of the culture vessel if not

agitated, the cells were

stirred using a Sargent Magnetic Stirrer.
At intervals, 10 ml samples of test cells were withdrawn from
the flask under the photoperiod and used to inoculate flasks of test
phosphate mediunl,

Phosphorus-32 was added to the flasks, they were

inoculated for four hours in a Gilson water bath,* and handled as
previously described under the heading of

Ion Uptake.

25
A photograph of the photoperiod apparatus is presented in
Figure 4.

Figure 1.

The relation between optical density of cells and optical
density of protein extracted therefrom.
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Figure 2.

The relation of a known weight of protein per unit
volume to optical density.
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Absorption of
PQ with time after centrifugation,
washing at 4°C and resuspending cells in experimental
solution. Cells were incubated at 30°C.
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Figure 4.

The apparatus used for the measurement of the phototactic
rhythm.
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RESULTS AND DISCUSSION

Phosphate Absorption Studies
The absorption of phosphate by Euglena gracilis in the lower
concentration ranges tested (1 x 10
5,

6

••3

—1
- 1.1 x 10“ mg/ml; see Figures

, 9) follows the pattern of the classical Michaelis-Menton (1913)

equation describing the reaction of enzymes and their substrates.
The existence of several distinct hyperbolic curves also shows
(assuming that each hyperbolic curve means a change in carrier) a
multiplicity of carriers for phosphate.
The reader's attention is also called to the fact that each of
these separate hyperbolic curves occurs within
ranges, or less.

1 0 -fold

concentration

This observation is interesting in the light of sug

gestions by workers (Neilands and Stumpf, 1958) that when comparing
the velocity of an enzymic reaction to substrate concentration, one
uses a 100-fold concentration range of substrate.

This indicates that

workers generally assume that enzyme is active over a wide range of
substrate concentration.

Observation of Figures 5 and

6

, and

Figure 9! reveal four and possibly five different hyperbolic curves
within a

100

-fold concentration range of substrate.

These data indicate either a very narrow concentration range
of activity for the individual carriers or sequential activation of
different carriers as concentration of substrate increased.

Following

this reasoning, more than one carrier would be active at the same time.
It is, thus, possible that the kinetic curves shown may be the result
of the combined activity of more than one carrier.
30
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Since their Q^q's are 2.9 and 2.8, respectively, the lower left
hand portion of Figure

6

may; be a continuation of Figure 5.

The upper

right hand portion, however, is representative of another reaction.

It

is probably more proper to say reactions since the Q-^q (from 20°-30°C)
of this latter mechanism is about 1.5.

These data lend credence to the

idea that there may be more than one carrier represented by the curve
shown in Figure
studied.

6

and most probably in the other concentration ranges

The failure of the 10° drop in temperature to result in a

Q1 0 of at least two could be explained by proposing the existence of
two enzymes which serve a similar function (isozymes).
Another explanation of a Q^q less than two is suggested by
results of Emerson and Green (1934).
thetic Q

They reported that the photosyn

varies with light intensity.

The photosynthetic Q^q i-s l°w

when light intensities are low because under these conditions the
overall photosynthetic rate will assume the Q-^q of the light reaction
itself.
Under our experimental conditions, the light intensity was
quite low.

The uptake of phosphate was measured in a minimal salts

solution with no organic carbon source added.

If phosphate absorption

was coupled to photosynthetic phsophorylation, the uptake of phosphate
under these conditions would have been a function of the light reaction
itself.
Figures 7 and

8

represent the data used for Figures 5 and

6

,

respectively, but treated with the Lineweaver-Burk (1934) equation.
The Michaelis constant for Figure 7 was 2.4 milligrams/ml and that of
Figure

8

was 11.9 milligrams/ml.

In the light of the graphic and
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data it seems that these Michaelis constants mean little or nothing
since the value may represent the combined effects of two or more
carriers.

In the light of this, Michaelis constants were not calcu

lated from the remaining data.
Figure 10 represents passive uptake in Euglena gracilis Klebs
at high substrate levels.

This is the type of curve that Laties and

Budd (1964) and Laties e_t a_l. (1964) interpret as indicative of
"diffusive penetration."
Figures 11 and 12 show that change in cation has little or no
effect on the absorption of phosphate in the concentration ranges
tested.

This can be interpreted as evidence that the anion was absorbed

independently of cation, and that the phosphate absorption data is not
an artifact of cation absorption.
As mentioned earlier, Torii and Laties (1966), measuring the
absorption of chloride in corn, proposed an explanation for the
occurrence of multiple hyperbolic curves.

They explain their results

by proposing that two functional membranes must be present in order for
the dual mechanisms of ion uptake to be observed.

At low concentrations

of substrate a system would be active at the plasmalemma only.

As the

ionic concentration in the cytoplasm rose to a certain concentration a
second mechanism situated in the tonopla.st would be activated and excess
ion in the cytoplasm would be pumped through the tonoplast into the
central vacuole.

In their experiments, they compared the absorption

of chloride by root tips with absorption in areas more proximal to the
tips.

The more proximal areas of the roots were capable of "actively"

absorbing chloride in a concentration range of 1 to 50 milliequivalentS
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of KCl/liter, in which the root tips showed only signs of passive
uptake of chloride.

They explain these differences in the uptake

of chloride in the older proximal area and the tip cells on the sup
posed presence of a central vacuole in the tip cells.

However, these

workers admit that approximately 32% of the apical cells tested did
indeed have central vacuoles.

They state, "Although this study seeks

to compare vacuolate and non-vacuolate cells, it is recognized that
experimentally the distinction cannot be absolute, and that further
more subapical cells differ from vacuolate cells for reasons that
transcend vacuolation . 11
Since vacuoles were present 30% of the time in the root tips,
it seems that there should have been some active chloride uptake in
the 1-50 mEq KCl/liter range; differing only quantitatively from the
amount taken up by the older cells.
report such results.

However, the authors did not

The tips absorbed chloride only passively at

this concentration range.

Since vacuoles were present in both types

of cells tested (although not in equal numbers) it seems that Torii
and Laties 1 explanation for the results does not apply.
After having repeated the experiments of Torii and Laties
using a unicellular organism, Euglena gracilis, the author of this
dissertation has another hypothesis for the results of the above
workers.
As those workers admit (and then disregard) the difference
between root tip cells does not lie solely in the presence or absence
of a central vacuole.

Rather, a more plausable explanation for the

differences in the uptake of chloride lies in the fact that root tip
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cells are meristematic and consequently embryonic.

It then follows

that the more mature cells may possess functional enzyme systems not
present in the more immature cells:

hence the difference in charac

ter of chloride uptake at the high concentration level.
Not to be overlooked is the fact that Torii and Laties associate
uptake at two concentration ranges with two membranes.

The two ranges

tested were from 0.1 to 0.5 mEq KCl/liter and from 1.0 to 50 mEq
KCl/liter.
tion range.

It is apparent that they skipped the 0.5 to 1.0 concentra
As a result of the present work the author is of the

opinion that had the missing concentration range been tested a curve
indicative of active uptake would have resulted.

To which other mem

brane would this additional mechanism have been attributed?
Greater doubt is cast on this plasmalemma-tonoplast proposal
by our work with Euglena gracilis.

This organism possesses no central

vacuole but rather a contractile vacuole from which, according to
Leedale (1967), the contents are excreted every 15-60 seconds.

If the

contents of the contractile vacuole are excreted at this rate it would
have been impossible for us to measure any phosphate accumulation in
the contractile vacuole under the conditions of our experiments.
Despite this, we can still report multiple mechanisms of phosphate
uptake.
The occurrence of these multiple hyperbolic curves also makes
one pose questions of causation.

It is, of course, obvious that as the

concentration of substrate (phosphate) increases to a limit we get a
hyperbolic curve upon plotting concentration of substrate in the medium
against absorbed substrate.

Addition of more substrate results in
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another and then yet another, etc.

The occurrence of so many hyper

bolic curves within so limited an area, of substrate concentration
leads this worker to conclude that it is most unlikely that a. differ
ent enzyme exists for the uptake of phosphate at each of these concen
tration levels.

Rather, as the concentration of phosphate increases,

it may have a direct effect on the structure of the enzyme, changing
its form.

Thus, phosphate may be acting as a positive effector for its

own absorption.

Ionic strength is known to have an effect on the

structure of a. protein.
Another possible explanation for these seemingly multiple
mechanisms of uptake makes use of non-enzymatic "carriers."

At low

concentrations, carriers would link up with phosphate until all of this
primary carrier was "used up." and there was not any more available.
A secondary carrier would then begin to link with phosphate until it
was all used up and then another would be used as carrier.

Again it

seems too much to ask multiple enzymes to transport this ca.rrierphosphate complex; rather a group specific enzyme (rather than a
species specific enzyme) would function in transport.

Since a

Michaelis constant is a disa.ssocia.tion constant between enEyme and
substrate (in this case the carrier-phosphate complex) the different
hyperbolic curves would be characteristic of the disassociation of
the enzyme and the different substrates.
The multiple isotherms observed and the Q^ 0 studies also leads
to questioning the validity of the so-called Michaelis constants
reported by such workers as Laties, Epstein, and others.

Since the

possibility of either multiple forms of the enzyme, of multiple carriers,
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or of competing reactions in the same substrate level tested exists,
then these Km values mean absolutely nothing.

It is suggested that

workers in this field of study first "clean up" (that is, be certain
that only one reaction is being measured at one concentration level)
before attributing Michaelis constants to these reactions.

Work with

whole cells or with tissue is certainly not conducive to the measure
ment of single systems.
To the author's knowledge this is the first report of multiple
mechanisms of inorganic ion transport in an alga or in a unicellular
organism, all previous reports having dealt with multicellular organ
isms .

Phototaxis
After two days under 12-hour day - 12-hour night photoperiodic
conditions (Figure 13) the cells showed greatest light sensitivity in
the early hours of the light period, from 0800 hr. to 1200 hr.

On the

third day, when the day lamp had been removed (the cells were not sub
jected to 24 hours of dark, except for half hour intervals evern 2
hours when the test lamp was on) the cells continued to show maximum
sensitivity to light during physiological day despite the absence of
the day lamp.
Figure 14 shows that these same cells continued to show their
greatest sensitivity to light during physiological "day," despite the
absence of the day lamp, for 2 more days.

Thus the phototactic

response of Euglena, after entrainment, continues for at least 3
days in absence of a day lamp.

Figure 5.

Phosphate absorbed in four hours by Euglena gracilis
Klebs at a substrate phosphate concentration of
1.0-10 x 10“ 3 mg/ml, at 30°C and lQOC. (See Table 2)
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The rate of absorption of phosphate in relation to
substrate concentration of 1 .0 - 1 0 x 1 0 "^ mg/ml and
the effect on it by a drop in temperature.
(See Table 3)
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Figure 7.

The data of Figure 5 (30°C) plotted as a doubl
reciprocal of substrate concentration and rate
absorption.
S = substrate concentration in mg phosphate
V = ug phosphate absorbed per four hours
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The data plotted in Figure 6 plotted in the double
reciprocal fashion of the Lineweaver- Burk equation.
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Figure 9.

The rate of absorption of phosphate in relation to a
substrate phosphate concentration of 1 - 1 1 x 1 0 “ -*- mg/ml.
(See Table 4)
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Figure 10.

Phosphate absorbed in four hours by Euglena gracilis
var. Klebs at a substrate phosphate concentration of
1.0-8.0 mg phosphate per ml. (See Table 5)
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Figure 11.

The effect of a change in cation on the absorption of
phosphate by Euglena. gracilis in the 1.0-10 x 10"^
mg/ml concentration range, at 30°C. (See Table 6 )
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Figure 12.

The effect of a change in cation on the absorption of
phosphate in the 1 ,0 - 1 0 x 1 0 “^ mg/ml concentration
range.
(See Table 7)
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Comparison of Phototaxis and Phosphate Absorption
It is evident in Figure 15 that on day one of the phosphate
absorption measurements a much greater quantity of phosphate is
absorbed during the early light period than at any other part of the
day.

Treatment of the data of this experiment statistically indicate

a significant difference in the absorption of phosphate between the
early light hours and the rest of the day (Table 1).

However, under

DD conditions, no significant difference in quantity of phosphate
absorbed occurred between physiological day and night.

Table 1.

Means of four replicates of phosphate absorption/four hours
by E. gracilis Klebs, arranged in decreasing order.

Time

Mean of Phosphate Absorbed

Indication of Significance*

0800

12.32

a

1200

8.70

b

0400

6.20

c

1600

6.14

c

2000

4.64

c

2400

4.37

c

*Means followed by the same letters are not significantly different
at 57o probability according to the Duncan Multiple Range Test.

Figure 15 also shows a positive relation between light and
the absorption of phosphate, for on examination of the graphic results
of phosphate absorption by the same cells under DD conditions the
reader will note the great decrease in the absorption of phosphate in
absence of the day lamp while the absorption of phosphate at night is
comparable.

Figures 13 and 14 however show that, despite the dependence
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of phosphate absorption on light, phototaxis proceeds seemingly unim
paired for at least three days in absence of a day lamp.
From these data it seems safe to conclude that phototaxis is
not solely dependent on photophosphorylation for its energy require
ments as was proposed by Diehn and Tollin (1967).

In the presence of

light, photophosphorylation products may indeed be involved in powering
phototaxis, but it is also evident that the dark level of phosphate
absorption (shown in Figure 15 under heading of DD conditions) must be
sufficient for ATP synthesis since the cells remain phototactic in
absence of a day lamp.

Since both phosphate absorption and phototaxis

do occur under DD conditions, some other energy source besides photo
phosphorylation must be available to power phototaxis.
These experimental data also lend support to the author's
criticisms of the current experimental systems in vogue for the study
of ion absorption, since they suggest two different processes for the
absorption of phosphate; one seemingly light dependent masking the
other endogenous system.

These data again present a strong case for

the pursuit of investigations of this type with cell-free systems such
as cell membranes.
Since the rhythm studied proved to be related to the presence
or absence of light and was thus exogenous, the importance of taking
light effects into consideration when studying the kinetics of ion
absorption was shown.

Since these experiments were performed using

concentrations of substrate that attained V_.™,
Figure 15 actually
UldX.
represents the change in Vmax with the time of the day.

Thus the time

of the day in which one performs his experiment also becomes important.
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Attempts to demonstrate a possible phosphate absorption rhythm
in the passive range of phosphate absorption proved unsuccessful
(Table 9).

Due to a laboratory accident only 2 replications could be

measured and statistical analysis showed no significant difference at
5% probability according to the Duncan Multiple Range Test.

It is,

however, the opinion of this worker that this experiment should be
repeated.

Figure 13.

The rhythmic change in degree of phototaxis of
Euglena gracilis Klebs with change in time
measured over a three day period and the effect
on phototaxis of a change in lighting regimen from
DL conditions (Days 1 and 2) to DD conditions (Day 3).
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Figure 14.

The rhythmic change in degree of phototaxis in
Euglena gracilis Klebs with time after 2 and 3
days of continual dark, DD conditions.
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Figure 15

A comparison of phosphate absorption by Euglena
gracilis Klebs under LD conditions and DD conditions.
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SUMMARY

Studies have been made on the absorption of phosphate by
Euglena gracilis Klebs.
In one study, active absorption of phosphate followed a pattern
similar to that reported for other ions; that is, multiple isotherms
resulted as the substrate concentration in the test medium was raised.
This evidence indicates a spectrum of sites or carriers active in the
absorption of phosphate, each particular site or carrier being activated
when a critical level of substrate concentration is reached.
Studies on the effect of temperature on the absorption of phos
phate indicate that, in at least one concentration level studied, there
may be more than one mode of phosphate absorption functioning at the
same time.

These data tend to cast doubt on the validity of published

Michaelis constants for the absorption of other ions since these
studies were conducted under conditions similar to those used to study
other ions.
In another study, change in cation had little or no effect on
the absorption of phosphate in the concentration ranges tested.
Studies attempting to correlate the phototactic rhythm of
Euglena to rhythmic absorption of phosphate proved unsuccessful.
Rhythmic phosphate absorption lost its rhythmicity when the day lamp
was removed.

Thus, rhythmic phosphate absorption proved to be exogenous

and most probably directly related to light.

The cells, however,

retained the phototactic rhythm in absence of the day lamp.
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APPENDIX OF TABLES

Each value is the average of 4 replications, except for Table

8

which shows the average of two replications.

Table 2.

The effect of temperature on the absorption of phosphate by
Euglena gracilis Klebs at substrate phosphate concentrations
of 1 . 1 to 1 1 micrograms, per milliliter.

Micrograms PO4 absorbed
10°C
30°C

Micrograms PO^/ml substrate

Table 3.

1.1

0.015

2.2

0.020

3.3
4.4
5.5
6 .6
7.7

0.105
0.155
0.165
0.165

8.8

----

0.13
0.28
0.43
0.49
0.57
0.64
0.83
0.84
0.81
0.93

0.020

9.9

----

11.0

___

The effect of temperature on the absorption of phosphate by
Euglena gracilis Klebs at substrate phosphate concentrations
1 . 1 to 1 1 x 1 0 ”^ milligrams, per milliliter.

Milligrams PO^ x

1 0 “2

Micrograms P04 absorbed
20°C:
10°C
30°C

/ml substrate

1.1

0.3

0.6

2.2

0.6

0.8

2.2

3.3
4.4
5.5

0.4
0.3

1.5

1.0

6.6

0.5
0.4
0.7
1.3
0.9

1.7
4.1
4.8
5.1
5.3
5.4

3.1
2.9
5.0
6.3

7.7
8.8

9.9
11.0
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2.6

1.3

6.6

6.4
7.5
7.1
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Table 4.

The absorption of phosphate by Euglena gracilis Klebs at
30°C and substrate phosphate concentrations of 1.1 to
1 1 x IQ - 1 micrograms per milliliter.

Milligrams P04/ml substrate x 10“^
1.1
2.2

3.3
4.4
5.5
6.6

7.7
8.8

9.9
11.0

Table 5.

Micrograms PO4 absorbed
4.2
5.1
5.3
6.0

15.0
16.0
19.0
18.0
19.0
19.0

The absorption of phosphate by Euglena gracilis Klebs at
30 C and substrate phosphatei concentrations of 1 to 8
milligrams per milliliter.

Milligrams PO^/ml substrate
1
2

3
4
5
6

7
8

Milligrams PO^ absorbed
0.08
0.15
0.26
0.35
0.62
0.67
0.81
0.99
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Table 6.

The effect of cation on the absorption of phosphate by
Euglena gracilis Klebs at 30°C with a change in cation
at substrate phosphate concentration range of 2.2-9.9
micrograms, per milliliter.

Micrograms PO4 /T11I substrate
2.2

3.3
4.4
5.5
6.6

7.7
8.8

9.9

Table 7.

Micrograms PO4 absorbed
Sodium
Potassium
0.19
0.30
0.39
0.44
0.55
0.63
0.75
0.75

0.18
1.29
0.41
0.45
0.51
0.60
0.65
0.76

The effect of cation on the absorption of phosphate by
Euglena gracilis Klebs at 30°C with a change in cation at
substrate phosphate concentration range of 1 . 1 to 8 . 8 x
1 0 “ 2 milligrams per milliliter.

Milligrams x 10_/ P0 4 /ml substrates
1.1

2.2
3.3
4.4
5.5
6.6

7.7
8.8

Micrograms PO 4 absorbed
Sodium
Potassium
0.80
1.50
1.50
2.20
3.35
3.05
3.50
3.20

0.90
1.40
2.05
2.40
3.65
3.75
3.55
3.50
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Table

8

.

A comparison of phosphate absorption by Euglena gracilis
Klebs in the range of active absorption under LD and DD
conditions. The PO4 concentration of the medium was 8
micrograms per milliliter substrate.

______________ Micrograms PO 4 absorbed_____________
Time_______________ Day 1 (12-12 LD condition)
Day 2 (DD condition)
0800 hr.

1.26

0.40

1200

0.88

0.68

1500

0.61
0.49
0.44
0.62

0.47
0.47
0.52
0.72

2000

2400
0400

Table 9.

The absorption of phosphate by Euglena
12-12 LD regime for a period of 2 days
passive phosphate absorption. The PO4
medium was 2 milligrams per milliliter

gracilis Klebs under a
in the range of
concentration of the
substrate.

Milligrams PO^ absorbed
Time____________________________Day 1______________________Day 2
0800 (Light)
1200

1500
2000 (Dark)
2400
0400

4.12
3.61
2.91
3.27
5.68
4.67

2.69
3.15
3.55
2.14
4.33
4.03
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